Introduction {#Sec1}
============

The spawning migration of European eels to the Sargasso {#Sec2}
-------------------------------------------------------

Eels have a complex life cycle that includes the crossings of the Atlantic Ocean both as larvae and as adults. It is difficult to comprehend that this migration pattern developed in the past, as it seems like an enormous waste of energy. Possibly this pattern of going out to sea and the returning of the larvae back to the coast drifting on the current is an innate character of the species as all 16 species (excluding subspecies) of the Anguilla genus show this pattern. However, there are only a few of them that migrate really far into the ocean. Those species are the Atlantic species European eel *Anguilla anguilla* and American eel *A. rostrata*, Japanese eel *A. japonica* and furthermore *A. australis*, *A. dieffenbachii* and *A. marmorata* (Aoyama [@CR4]). The shortest distance among these six species is covered by *A. australis* and the longest by *A. anguilla*, respectively 2,000 and 5,000--6,000 km. Likely the two Atlantic species were split off from the Anguilla tree about 30 million years ago, when the Tethys sea was still open and the eels could move from the Indian Ocean through the Tethys Sea into the Atlantic Ocean (Aoyama [@CR4]). At that time, the Atlantic Ocean was still a small ocean, less than 2,000 km wide. In the eras after the Eocene, the Tethys Sea slowly closed and the two continents Europe and America drifted apart, taking the Sargasso Sea with it to the western side of the Atlantic. This implies that the migration distance for the European eels increased continuously over millions of years. Due to the increasing distance, a strong selection pressure must have been on long distance swimming as well as on low energy cost of transport.

At the beginning of the previous century, Johannes Schmidt ([@CR110]) found the smallest eel larvae (leptocephali) of the European eel near the Sargasso Sea. This is still the only evidence to date that locates the spawning grounds in the Sargasso Sea, neither eggs nor mature adults have ever been found in this area. Tucker ([@CR130]) opposed the conclusion of Johannes Schmidt ([@CR110]) that the Sargasso Sea could be the spawning ground of the European eel. He simply stated that it is very unlikely that eels would be able to cross the ocean and asked the scientific community to come up with proof that eels were able to do so. He suggested that European eels were in fact the same species as the American eels coming from the same parents, and that the adults were simply lost at sea due to starvation. The small differences in number of vertebrae could have been caused by the longer exposure to cold water. Tucker's "new solution to the Atlantic eel problem" provoked a long debate (D'Ancona and Tucker [@CR24]; Deelder and Tucker [@CR26]) and was finally rejected when a distinction could be made between the two Atlantic eel species based on allozymes (Williams and Koehn [@CR150]), enzymes (Comparini and Rodino [@CR21]), mitochondrial DNA (Avise et al. [@CR5], [@CR6]; Tagliavini et al. [@CR120]) and genomic DNA (Nieddu et al. [@CR74]). However, it is remarkable that the topic of energy requirements for long distance swimming of European eel was left open for so long, particularly since eel swimming was assumed by biomechanics to be very inefficient (Videler [@CR146]). As eels have been swimming across the Atlantic for millions of years, one would expect the opposite: an extreme strong selection pressure on swimming efficiency and long distance migration. So, the major question still remained: How do they do it?

Every year at the end of the growth season in autumn, a part of the population ceases feeding, becomes restless, starts to mature and changes into migrant silver eels. Likely only those with sufficient lipid stores (Larsson et al. [@CR58]; Svedäng and Wickström [@CR118]) will start their reproductive migration to the spawning grounds in the Sargasso. They leave in a prepubertal condition with less than 2% relative gonad mass (GSI). The smaller males (on average 40 cm) leave already in August (Usui [@CR131]). The much larger females (on average 80 cm) leave between October and December (Dutch situation, eels in the Mediterranean need to swim a shorter distance and leave later) to arrive an estimated 3.5 months later (Palstra et al. [@CR85]) at the spawning grounds. When fully mature, in early spring, males reach maximal gonad masses of 10% and females of 60% of their body mass (Palstra et al. [@CR79]). Silver eels thus must swim across the Atlantic Ocean within 6 months, as this is the difference between the time they leave and the time the first larvae are observed in the Sargasso Sea. Obviously long-term swimming capacity is a major requirement for successful reproduction. Migrating eels do not feed; therefore, they rely for their energy mostly on fat stores (Tesch [@CR124]), which can be as large as 30% of their body weight. The long distance migration provokes two major questions: (1) Do they have enough energy reserves? (2) Are they built to swim 5,000--6,000 km within the required period?

Swimming and sexual maturation {#Sec3}
------------------------------

The continental phase in the lifecycle of European eel can be considered as a feeding phase to attain the lipid reserves to fuel migration but also to provide the future offspring with sufficient energy. In order to store the required amount of lipid before maturing, this phase is characterised by a severely depressed lipid mobilisation (EELREP [@CR35]) and blockage of maturation. It appears that this is above all a requirement for an extended female growth stage. The postponement of reproductive migration allows the storage of high amounts of fat during life, a strategy optimising reproductive output.

Pre-pubertal blockage of maturation is due to a deficient gonadotropin releasing hormone (GnRH) release and a dopaminergic inhibition of the pituitary production of gonadotropins FSH and LH by dopamine (Weltzien et al. [@CR149]). These gonadotropins control gonad development directly or indirectly by acting on steroid metabolism in the production of oestrogens and androgens in both male and female eels. This dual neuroendocrine control is extreme for eels but also occurs in various adult teleosts (Vidal et al. [@CR145]). However, dopamine only counteracts regulation of the last steps of gametogenesis in other teleosts, whilst in eel dopamine seems to play a role in earlier stages (Vidal et al. [@CR145]). The extreme blockage of maturation is the main reason why eel still cannot be bred naturally in captivity.

Silvering marks the start of lipid mobilisation and sexual maturation. During this physiological process, numerous changes occur in external appearance, sensory organs, alimentary tract, swim-bladder, osmoregulatory system and gonads (recently reviewed by Durif et al. [@CR34]). Most noticeable is the enlargement of the eyes, strongly correlated to gonad development (Pankhurst [@CR90]) probably through increased testosterone (T) levels (Boëtius and Larsen [@CR12]). It appears that silvering is not a true metamorphosis, e.g., a marked and abrupt developmental change in the form or structure of an animal, but a mere initiation of maturation; the start of puberty (Roussea et al. [@CR99]). Silvering is more flexible than generally presumed (Svedäng and Wickström [@CR118]) and may well be arrested at various stages such as for Atlantic salmon *Salmo salar* (Mills [@CR69]). Durif et al. ([@CR32]) identified intermediate phases and found that they were correlated to migration. The most advanced stages of maturation are from migrating silver eels *Anguilla* spp. caught closest to the spawning grounds. Moreover, a negative correlation seems to exist between migration distance to the spawning grounds and GSI at the start of oceanic migration of the various *Anguilla* species (Todd [@CR126]). However, eels have only been incidentally observed during their oceanic spawning migration (Ernst [@CR38]; Robins et al. [@CR97]; Bast and Klinkhardt [@CR8]).

Mature eels of species *A. japonica* and *A. marmorata* have recently been caught at the spawning grounds. Over the last two decades, Tsukamoto and colleagues have been able to pinpoint the time (new moon) and place (seamounts west of the Mariana Islands) of spawning of *A. japonica* and *A. marmorata* with such precision (Tsukamoto [@CR127], [@CR128], [@CR129]) that they recently caught three mature male eels in the open ocean (resp. *n* = 2 and 1; Chow et al. [@CR18]). These eels had considerable larger eye size than the early silver eels from coastal waters, they were dark brown or dark blackish grey which is entirely different from early white-bellied silver eels (and which resembles final maturation stages after hormonal treatment: Palstra et al. [@CR79] and personal observations), and GSI was comparable or even higher than after hormonal treatment (Chow et al. [@CR18]). Several days after their catch, 200 pre-leptocephali were caught in the same area indicating that these males were already very close to spawning. Besides some reports on mature males occurring far off the spawning grounds, for instance of *A. anguilla* in the Mediterranean (Grassi [@CR44]) and of *A. japonica* even on the farm (Matsubara et al. [@CR65]), it shows that in the field we only know the fully mature situation from just before the act of spawning.

To summarise, we only know that European eels leave the continent in a prepubertal condition, swim for months and are only then fully mature and able to reproduce. Therefore, we assume that lipid mobilisation and early maturation are linked to migration and that swimming itself may be a natural trigger for these processes. Indeed, no change in lipid mobilisation was found between yellow and silver eels from the same location without having engaged in sustained swimming (EELREP [@CR35]). We therefore hypothesised that lipolysis becomes activated during and due to sustained swimming. Furthermore, we hypothesised that swimming triggers silvering, the start of maturation, but that blockage of more advanced female stages, including vitellogenesis, is likely required in order to allow the long spawning migration.

Swimming performance {#Sec4}
====================

Measuring swimming performance with 22 swim-tunnels {#Sec5}
---------------------------------------------------

The principle of the Blazka swim-tunnel was explained in earlier publications (Blazka et al. [@CR11]; Smith and Newcomb [@CR116]; Van Dijk et al. [@CR136]). The advantage of this swim-tunnel is the compact design, which allowed us to construct 22 swim-tunnels in an air-conditioned room of 100 m^2^. This type consists of two concentric tubes, with the inner circle and outer ring having the same surface area resulting in the same flow rate. The propellor pushes the water into the outer ring and further into a bundle of flow streamers to reduce the size of the vortices generating a semi lamellar flow (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Swim tunnels for long distance migration studies. **a** The set up consists of 22 2-m-long Blazka-type swim tunnels. **b** The tunnels consist of two concentric perspex tubes of 2 m and two PVC endcaps. The propeller pushes water into the outer ring and 'sucks it' out from the inner tube. The cross-sectional area of the inner tube and the outer ring has the same surface area to obtain equal flow rates at both sides. The water is pushed through streamers with internal diameters of \~10 mm resulting in a semi laminar flow in the inner tube. Flow rates through different transects were found homogeneous as determined by Laser-Doppler tests. **c** One of the tunnels with a 72-cm silver female eel swimming at 0.5 BL s^−1^ and **d** an eel swimming under experimental conditions of red light which is invisible for silver eels. Source **b**: van den Thillart et al. [@CR134]

Flow characteristics of swim-tunnels of the Blazka-type were to our knowledge never described before. In a recent study, we applied the very accurate Laser-Doppler system to demonstrate the homogeneity of the flow in the swim-tunnels at 3 different cross sections, (Van den Thillart et al. [@CR134]). The actual flow in a 2-m-long swim-tunnel was measured at 3 different cross-sections (11, 61, and 110 cm from the inflow) and at different distances from the wall (0.5, 1.0, 2.0, 4.0 and 9.5-cm). A linear relationship was observed between the number of revolutions per minute and the measured water velocity. The linearity existed up to 0.9 m s^−1^, while the calibration allowed running the tunnels up to flows of 1.5 m s^−1^.

Likely due to the semi lamellar flow type the drop-off at the wall was very steep; at 2.0 cm the flow was about 70% and at 4.0 cm about 90% of the flow in the middle. So, fish with a width of \>4.0 cm cannot swim in the boundary layer. Furthermore as far as eels are concerned, this species needs an even wider space because of the large amplitude of their tail beat (anguilliform swimming mode). In addition, we observed that the head of the tested swimming eels remained between 5 and 10 cm from the wall (Fig. [1](#Fig1){ref-type="fig"}). Eels were rather easy with swimming, just placing them in streaming water is apparently sufficient to activate their swimming mode. The only crucial point is to avoid stress when forcing them to swim. Changing the flow rate up and down slowly during the first hour of starting up was almost always sufficient. Once they were swimming, eels could swim for months as long as the speed remained low (0.5--0.6 BL s^−1^).

Recently, we published results from a 10-day swimming trial with European silver eels swimming at 0.5 BL s^−1^ in the same set up in sea water (van Ginneken and van den Thillart [@CR156]). In another experiment (Van den Thillart et al. [@CR134]), we tested the suitability of the set-up for long distance migration. Seven farmed silver eels were swum for several months in fresh water (19°C) at 0.5 BL s^−1^. Two eels stopped swimming during the first 2 months, and the experiment was stopped after 3 months. Every day the oxygen consumption rate was measured during several hours by automatic control of the water inlet between 85 and 75% air saturation. Oxygen consumption data of the five eels was measured continuously during swimming over 95 days at 0.5 BL s^−1^, corresponding to a distance of 2,850 km. These first long distance swimming results with European silver eels show their impressive endurance.

Optimal swimming speed and cost of transport {#Sec6}
--------------------------------------------

The capacity of individual fish to swim can be tested in swim-tunnels as described and used by many authors (Brett [@CR15]) more or less in the same way as mammals can be tested on runways. The fish are usually trained to prevent interference by handling stress, followed by stepwise increase of swimming speed. At each speed, the individual fish are usually left swimming for 1--2 h, as it takes 30--60 min to establish a new stable condition with respect to circulation and ventilation (Jones and Randall [@CR53]). During this start-up period, the animal reaches a certain rhythm that helps to optimise its swimming efficiency. With each increase of speed, the drag increases to the 2-nd power, and therefore the oxygen consumption increases also to the 2-nd power with speed. When the swimming speed comes above ca 80% of the maximal speed, anaerobic metabolism is activated. There is not a complete metabolic switch, but the anaerobic processes are activated to supply the extra energy required for muscle contraction. Both anaerobic glycolysis and the creatine kinase reaction are triggered by a low ATP/ADP ratio (in fact by the reduced phosphorylation potential). Initially, the lactic acid is buffered by the alkaline reaction of phospho-creatine hydrolysis (van den Thillart and van Waarde [@CR133]). Metabolic acidosis develops when most of the PCr is depleted; the low pH together with the high inorganic phosphate causes muscle fatigue, which ultimately results in collapse. The collapse point is a reproducible parameter, as is the oxygen consumption rate at the collapse point. Likely the maximal oxygen consumption rate determines the maximal sustained swimming speed, which is the speed where the animal does not fatigue when swimming for a few hours. The maximal sustained swimming speed is usually around 80% of Umax.

Somewhere between resting and maximal oxygen consumption, the optimal swimming speed (U~opt~) can be found. This is (by definition) the speed where the cost of transport is the lowest. The cost of transport (COT in mg O~2~ kg^−1^ km^−1^) is the ratio of oxygen consumption rate over swimming speed, which is high at low speed as well as at high speed. At low speed because the standard metabolic rate is a large part of energy consumption, which is not used for swimming, and at high speeds it is high because of the drag which increases with 2nd power of the speed. So, the lowest COT is found at an intermediate speed, which is then called the optimal swimming speed. Particularly for migrating animals the cost of transport is crucial as it determines the maximal distance that can be covered for the available energy, when swimming at the optimal speed. A low cost of transport is certainly a prerequisite for high endurance. Therefore, maximal endurance should be expected at the optimal swimming speed. According to biomechanical criteria, the best endurance is the maximal speed where the oxygen consumption rate remains stable and the mode of swimming does not change (Videler [@CR146]). These two criteria are based on different assumptions, either lowest energy cost or stable swimming mode. It is likely though that both will come together at the same speed, as such would be selected out in the population over several generations. To determine maximal endurance conditions for eels, they have to be swum for extended periods at different swimming speeds.

Swimming fitness can be described by a number of parameters such as maximal swimming speed, optimal swimming speed, and minimal cost of transport. These were recently determined for European eel in a single day protocol, using the previously described swim-tunnels. In this study (Palstra et al. [@CR85]), eels were swum 2 h at each speed from 0.5 to 1.0 m s^−1^ in steps of 0.1 m s^−1^. At each speed, the oxygen consumption was measured continuously for 90 min. The maximal aerobic speed was interpolated according to the method of Brett ([@CR15]). A group of 40 farmed eels were tested twice (test 1 and test 2) with 2-h intervals, and in between at the same speeds with 12-h intervals (endurance). The endurance test lasted 5 days, so each series with three tests took 7 days; speed test 2 was a way to test whether the results were repeatable and to see whether training effects would occur. Results are summarised in Table [1](#Tab1){ref-type="table"} showing the relation between oxygen consumption and swimming speed for each of the 3 tests. The results show also that the two different tests were similar; a 12 h run gave the same result as the two 2 h speed tests. This implies that the 2-h speed test can be used for testing endurance as well. This corresponds with our observations; once the eels are swimming they do not change their mode of swimming nor their oxygen consumption at that speed. As these two remain the same then also the ratio remains the same, which is the cost of transport (mg O~2~ kg^−1^ km^−1^). When considering the COT at the different swimming speeds, we clearly see that the values remain almost the same, eels swim over 0.5--0.9 m s^−1^ at almost the same COT. As the results were the same for the 2- and 12-h speed tests in this series with farmed eels, three other eel groups were tested only in a 1 day speed test with 2-h intervals (Fig. [2](#Fig2){ref-type="fig"}).Table 1Oxygen consumption ($\documentclass[12pt]{minimal}
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For all five groups, the fitness parameters were calculated (Table [1](#Tab1){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}). The average COT remained similar while fish were swimming at the different speeds. The optimal swimming speeds, were very similar for all 4 groups and were found 0.61--0.67 m s^−1^, which is \~60% higher than the generally assumed cruise speed of 0.4 m s^−1^. This would imply that female eels may reach the Sargasso Sea within 3.5 months instead of 6 months.

The costs of migration {#Sec7}
----------------------

During long-distance migration, all animals are likely to maximise the distance covered per given fuel unit, thus they will try to migrate at the lowest cost of transport. The migration distance of the different eel species varies: the European eel (*A. anguilla*) 5,000--6,000-km (Schmidt [@CR110]), the American eel (*A. rostrata*) 4,000-km (Tucker [@CR130]; McCleave et al. [@CR68]); the Japanese eel (*A. japonica*) 4,000-km (Tsukamoto [@CR127]) and the Australian eel (*A. australis*) 2,000-km (Jellyman [@CR49]). These eel species migrate impressive distances, but European eels need to be the most efficient swimmers among eels.

The long-term swimming experiments with 5 eels of about 0.9-kg as discussed earlier indicate that eels can be stimulated to swim under laboratory conditions for a very long period without resting. Five out of seven eels were able to swim 3 months at 0.5 BL s^−1^, covering a distance of 2,850 km (Van den Thillart et al. [@CR134]). In the literature, limited data are available on swimming performance of eels or other anguilliform swimming teleosts (Webb [@CR148]; McCleave [@CR66]). It is even suggested that the swimming movement of eel is less efficient than that of for example salmonids (Videler [@CR146]; Bone et al. [@CR13]). However, biomechanical efficiency of propulsion is different from overall swimming efficiency. The first relates to the transfer of kinetic energy from muscle to environment and the resulting displacement of the body. The overall swimming efficiency, however, is the total energy required by the animal to transport itself over a certain distance. This determines the amount of fuel stores i.e., grams of fat, that the eel needs to swim across the Atlantic Ocean.

Based on a 10-day swimming trial with European silver eel, we demonstrated earlier that the energy cost of transport of those eels was extremely low: 0.137 cal g^−1^ km^−1^ (van Ginneken and van den Thillart [@CR156]). This is 2.4--3.0 times lower than values reported in literature for other species (Schmidt-Nielsen [@CR111]). In a more recent study, we exposed female yellow eels of about 900-g to a 6-month swimming trial at a mean swimming speed of 0.5 BL s^−1^ (Van Ginneken et al. [@CR139]). The eels swam in this experiment a complete simulated migration run of 5,500 km. Oxygen consumption data demonstrate that the swimming eels have a twofold higher O~2~ consumption than the resting eels, while over a period of almost 6 months the energy consumption remained almost constant. The slope, expressed in mg O~2~ kg^−1^ h^−1^, shows an increase of about 10%, which was mainly due to weight loss. As the length of the animal did not change, the drag must have remained the same, so the energy cost of transport for the whole animal did not change.

From the oxygen consumption, the energy consumption can be calculated based on fat combustion data given by Brafield and Llewellyn ([@CR14]). Thus, we can estimate how much fat the eels would have used, assuming that fat is the only energy source, based on the oxicalorimetric data for fat combustion. The values calculated for the two long-term swimming trials gave about the same oxygen consumption per km (28 vs. 31 mg O~2~ kg^−1^ km^−1^), corresponding with a cost of transport of about 0.4 kJ km^−1^ and 10 mg fat km^−1^, respectively. As for a trans-Atlantic journey of 5,500 km, this would then require about 60 g fat for an eel of 1 kg. The variance between individuals was in experiment I 7% and in experiment II 14%; meaning that the fat consumption ranged between 55 and 74 g fat kg^−1^ over 6,000 km. The calculated values for the cost of transport (COT) correspond rather well for the two experiments. On the other hand, the COT values for eel are some four to fivefolds lower than those obtained for salmonids (Schmidt-Nielsen [@CR111]). Recent data on salmonid swimming including from our own experiments confirmed earlier results from Schmidt-Nielsen that salmonids swim indeed at much higher cost of transport. Lee et al. ([@CR59]) swam different salmons species at 0.5--2.2 BL s^−1^ (12--16°C), the salmon were about 64 cm (fork length) and 2.65 kg. At 0.5 BL s^−1^, the COT was 150--200 mg kg^−1^ km^−1^ falling to 100 mg kg^−1^ km^−1^ at 1.2 BL s^−1^. These data are between four and seven times higher than those observed with the female eels in our swim trials, which clearly indicate again that eels are very efficient swimmers.

When eels would swim at the same energy consumption rate as salmonids, they would need 300 g fat kg^−1^ for crossing the ocean instead of 60 g of fat kg^−1^. As most silver eels have less than 200 fat kg^−1^, evidently none of the migrating eels would be able to cross the ocean.

Long-term swimming experiments with eels have been published for eels swimming at 0.5 BL s^−1^ for 3 months and for 5.5 months (van den Thillart et al. [@CR134]; Van Ginneken et al. [@CR139]).

During long-term swimming the eels lost weight, which can be due to diminished energy stores, but also due to water loss. Therefore, the total body composition was determined of the eels after swimming 5,500 km. The body composition of the three eel groups in this experiment (control, resting, and swimming) remained the same in all three conditions, which is remarkable (Table [2](#Tab2){ref-type="table"}). The weight fractions of water, fat, protein, carbohydrate, and ash remained constant; the fat and protein content of the dry weight were 68 and 28%, respectively. This implies in the first place that the buoyancy of the animal did not change and that therefore no volume compensation is required by the swim-bladder during swimming or resting. Another implication is that the energy consumption calculated from oxygen consumption and weight loss cannot be based on fat alone, but needs to be compensated for protein oxidation as well. Since body composition does not change, it is possible to calculate the energy consumption from weight loss as well. Therefore, we need to recalculate the energy content of the dry weight according to the composition given in Table [2](#Tab2){ref-type="table"}. The recalculated data are presented in Table [3](#Tab3){ref-type="table"}. The energy content of the dry weight was found to be 33.7 kJ g^−1^, which is only 15% lower than that of fat combustion (39.5 kJ g^−1^), indicating that fat is by far the main energy source (Table [3](#Tab3){ref-type="table"}).Table 2Body constitution as % of dry mass of female yellow eels at the start and after 6 months swimming or restingStart\
(0 months, 0 km)\
(*N* = 15)Swim\
(6 months, 5,500 km)\
(*N* = 9)Rest\
(6 months, 0 km)\
(*N* = 15)Fat67.92 (1.91)68.16 (2.47)68.09 (2.20)Protein28.17 (1.79)28.28 (2.16)27.99 (1.90)Carbohydrate0.90 (0.43)0.57 (0.49)0.87 (0.53)Ash2.972.993.05Dry matter49.57 (2.41)50.25 (2.86)50.77 (2.18)Source: van Ginneken et al. ([@CR139])Table 3Calculation of the calorimetric value of eel whole body based on body composition (Combustion energies of fat, protein, and carbohydrates are from Brafield and Llewellyn [@CR14])% Dry weightCombustion of energykJ g^−1^ fuelkJ g^−1^ mixkJ gO~2~^−1^ fuelkJ gO~2~^−1^ mixFat68.039.526.913.729.6Protein28.223.66.713.363.9Carbohydrate0.817.20.114.760.1Ash3.00.00.00.00.0Sum100.033.713.6

From the oxygen consumption per hour and the swimming speed (1.34 km h^−1^), the cost of transport was found: 31.43 mg O~2~ km^−1^. From this, the total oxygen consumed must have been 188.58 g O~2~ (over 6,000-km), which corresponds to 188.58 × 13.6 = 2569.2 kJ. When dividing by 33.7 kJ g dry weight^−1^, we find an estimate for the dry weight loss of 76.3, or 152.6 g wet weight. The observed wet weight loss over 5,533-km was 180.2 ± 38.2 g (Van Ginneken et al. [@CR139]). The calculated figure based on oxygen consumption is 84% of the observed value. Considering the errors occurring in the different measurements we can conclude that the respirometry data (oxygen consumption) corroborate well with the calorimetric data (weight loss). It is important to emphasise that these two techniques for measuring the energy consumption are fully independent from each other.

Our new calculations based on 33.7 kJ g dry weight^−1^ and 13.6 kJ gO~2~^−1^ (see Table [3](#Tab3){ref-type="table"}) provide an estimation of the total energy consumption over 6,000-km of 2569.2 kJ based on oxygen consumption and 3294.5 kJ based on weight loss. The resultant COT for both methods is respectively, 0.43 and 0.55 kJ km^−1^. A break down of the fuel usage for a simulated migration over 6,000 km provides the following results: fat 52.1 g, protein 21.6 g, and carbohydrate 0.6 g. Thus, the minimal fat requirement for migration is about 5.2% of total body weight. This value is lower than the first estimate of 6.5%, which is due to the fact that also proteins are being used as fuel for energy generation.

Since we recently found that optimal swimming speeds of European silver eels are about 0.8 BL s^−1^ (Palstra et al. [@CR86]), two migration trials were performed at these speeds: one with large farmed silver eels in fresh water at 18 degrees, and one with wild silver eels that were about to start their oceanic migration in seawater at decreasing temperatures from 18 down to 10°C over 15 days swimming (Palstra et al. [@CR81]). We found that the farmed eels in fresh water swam at a COT of 34 ± 5 mg O~2~ kg^−1^ km^−1^ during 2,173 ± 305 km migration, while the wild silver eels in seawater swam at a higher COT of 52 ± 5 mg O~2~ kg^−1^ km^−1^ during 1,232 ± 305 km migration. The COT remained constant and very similar to the minimal COT (COT~min~) found at 2-h swim tests (Palstra et al. [@CR85]) giving these tests a high prediction value. By comparing farmed eels that swam in either fresh water (FW) or seawater (SW) we found that 20% of this difference can be explained by higher oxygen consumption in SW than in FW (Palstra et al. [@CR85]). Remarkably, oxygen consumption rates of the wild silver eels remained similar during the induced temperature profile (Fig. [3](#Fig3){ref-type="fig"}). For the wild silver eels we extrapolated that they would spend 78 ± 4 g fat kg^−1^ on fuelling a complete 5,500 km spawning migration, taking into account that 79.8% of the fuel costs comes from burning fats (van Ginneken et al. [@CR139]). Table [4](#Tab4){ref-type="table"} presents an overview of the costs of migration for all experiments.Fig. 3Oxygen consumption profiles during simulated migration. The swimming speed was increased the first 4 days from 0.5 to 0.8 body-length per second (BL s^−1^) with increments of 0.1 BL s^−1^ per day. **a** Daily mean of oxygen consumption rate ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \dot{M}{\text{O}}_{2} $$\end{document}$) of farmed eels (*n* = 6) in 18°C fresh water (FW) swimming 27 days at 0.8 BL s^−1^. **b** Mean O~2~ of Lake Grevelingen eels (*n* = 6) in salt water (SW) swimming 26 days. Starting at day 4, the water temperature was lowered with 0.5°C per day from 18 to 10°C. Source: Palstra et al. ([@CR82])Table 4Comparison of estimated lipid costs for migration (COT) of eel recalculated on basis of using 79.8% fat and a 5,500-km migration with reference, experiment, conditions, and migration costs in kJ/kg eel/km (COT~tot~) and required fat in g fat/kg eel/kmExperimentConditionsCOT~tot~\
(kJ/kg/km)COT~fat~\
(mg fat/kg/km)Ref\<1 dayMale (?) yellow and silver (250 g)\
FW, 0.35--0.65 m/s, 15°C1.37--1.7427.8--35.3Schmidt-Nielsen ([@CR111])387 km5 female silver eels (±1 m)\
SW, 0.5 BL/s, 14°C0.5711.5van Ginneken and van den Thillart ([@CR156])2,850 km5 female farmed eels (919 g)\
FW, 0.5 BL/s, 19°C0.83316.7Van den Thillart et al. ([@CR134])5,533 km9 female farmed eels (3 years old, 915 g)\
FW, 0.5 BL/s, 19°C0.418/0.611\*8.4/12.4\*Van Ginneken et al. ([@CR139])2,173 km6 female farmed silver eels (5 years old, 951 g)\
FW, 0.8 BL/s, 18°C0.469/0.522\*9.5/10.5\*Palstra et al. [@CR82]1,232 km6 female Lake Grevelingen silver eels\
(6--13 years old, 762 g)\
SW, 0.8 BL/s, 10--18°C0.702/0.860\*14.2/17.5\*Palstra et al. [@CR82]Source: Palstra et al. ([@CR82])\* Measured by two methods: resp. oxygen consumption and carcass analysis (van Ginneken et al. [@CR138], [@CR139]) or weight loss (Palstra et al. [@CR82])

Swimming in the ocean: diel vertical migration and pressure effects {#Sec8}
-------------------------------------------------------------------

The U~opt~ for wild European female silver eels swimming in SW is 0.62 m s^−1^ (or 0.77 BL s^−1^; Palstra et al. [@CR85]) which agrees well with the sustained cruise speeds found for 11 silver eels (69--96 cm) tracked in the North Sea by Tesch ([@CR123] and reviewed by Beamish [@CR9]) which ranged between 0.6 and 0.9 BL s^−1^. Other tracking studies revealed speeds of 0.50--2.09 km h^−1^ (reviewed by Tesch [@CR124]; McCleave and Arnold [@CR67]; Jellyman and Tsukamoto [@CR50]) corresponding with 0.14--0.58 m s^−1^ or 0.18--0.73 BL s^−1^ for eels of 80 cm. Thus, U~opt~ corresponds only to the fastest of these migration speeds. Besides the already discussed temperature effects on swimming behaviour, other environmental conditions---like depth, currents and predators---experienced during oceanic migration may also affect the swimming speed. Hence, the actual ground speeds may differ significantly from the U~opt~.

The exact route of migration of European eels is still largely unknown (reviewed by Tesch and Rohlf [@CR125]). Trackings of considerable numbers of eels in the North Sea and on the east Atlantic shelf have shown that eels swim uninterrupted in a compass direction geographically north and west. With decreasing latitude, directional preference turns over farther northward and attains in a NW swimming direction. The NW course must lead them to the continental slope where they start to swim in a SW direction. Eels that were released and tracked in the East Atlantic swam in a WSW direction. This kind of navigational ability could be based on magnetic sensing of the inclination or strength of the magnetic field. Furthermore, by using currents like the North Equatorial Current, ground speeds in the field may be even higher than the optimal swimming speed.

Eels use all depth zones, except for bottom layers, during all tidal phases (reviewed by Tesch and Rohlf [@CR125]). A diel vertical migration during deep-sea migration has been shown repeatedly during tracking experiments using pop-up tag methodology (reviewed by Tesch and Rohlf [@CR125] and very recently by Tsukamoto [@CR129]; recent research papers by Jellyman and Tsukamoto [@CR51] and Aarestrup et al. [@CR1]). Eels were ascending during dusk and descending during dawn indicating that they do this to escape predators. They migrated at depths between 200 and 700 m both in continental and deep-sea waters which probably persists as far as the spawning grounds. Fricke and Käse ([@CR43]) artificially induced maturation and released these eels at the supposed Sargasso spawning grounds. They preferred a depth of about 300 m which is in accordance with the depth range of newly hatched yolk sac larvae (Kleckner and McCleave [@CR56]). A point of discussion remains however, that none of these studies has tried to determine the effects of the pop-up tag on swimming behaviour. Since these tags are relatively large for eels (van Ginneken and Maes [@CR137]), they may increase drag, decrease swimming speed and efficiency, influence route choice and diel vertical migration itself. Therefore, we believe it is of utmost importance that potential effects are investigated to validate the results of pop-up tag methodology.

Experiments with male eels swimming in FW at 14.7 ± 0.5°C, in a Blazka type swim tunnel and under pressure (101 ATA corresponding with conditions at 1,000-m depth) in a hyperbaric chamber, revealed that pressure decreases oxygen consumption and thus increases the energetic efficiency at any swimming speed in the range 0.3--1.0 BL s^−1^ (Sébert et al. [@CR115]). This corresponds to a 60% decrease in COT which would spare about half of the fat stores when a 6,000 km migration is considered. These experiments were performed in FW, SW would increase oxygen consumption with 20% (Palstra et al. [@CR85]). The small male silver eels that were used have a 23% higher respiration rate than females (Scaion and Sébert [@CR109]). Diel vertical migration in the field (200--700 m) may result in higher efficiency at higher depth and pressure during the day. On the other hand temperatures at 700 m in the open ocean are around 6°C. It remains a major question whether silver eels are capable to swim at those extreme low temperatures. Possibly, they hide in the dark during day time, and continue to swim at lower depths and higher temperatures at night. Obviously this aspect of their migration can only be solved by more advanced tracking experiments.

Interaction between swimming and sexual maturation {#Sec9}
==================================================

Swimming stimulates silvering and early oocyte development {#Sec10}
----------------------------------------------------------

The 22 Blazka-type calibrated swimming flumes at Leiden University have also been used for swimming trials elucidating aspects of swimming induced silvering and maturation. In 2006, a new 6,000-L swimming gutter was built to allow group-wise swimming of males and females, expected to lead to lower stress levels thus avoiding possible negative effects on maturation.

Swimming induces an increase of eye diameter (Table [5](#Tab5){ref-type="table"}). This has been observed repeatedly in different fresh water (FW) swimming trials. Continuous swimming at 0.5 body-lengths per second of eels from the landlocked Lake Balaton (aged 13--21 years; otolith analysis by Palstra et al. [@CR81], [@CR83]) resulted in an increase of the eye index (EI) that was already apparent after 2 weeks of swimming and occurred in all eels exposed to the swimming trial (Palstra et al. [@CR83]). The observed changes appeared even stronger after 6 weeks of swimming. Significant increases in EI were also apparent in FW swimming trials with migrating eels from the river Loire (aged 10--28; otolith analysis by Palstra et al. [@CR82]) and with older farmed eels (Table [5](#Tab5){ref-type="table"}). Since younger farmed eels did not show swimming-induced enlargement of the eyes, age-dependent maturation sensitivity is suggested. Arguments for age-dependent maturation also come from other observations: (1) older eels showed increased capacity to incorporate more lipid from the muscle into the oocytes (Palstra et al. [@CR80]), and (2) older eels were more sensitive to hormonal stimulation (Palstra [@CR76]; also Durif et al. [@CR33]). Repeated yearly silvering and subsequent regression (Durif et al. [@CR32]) might unlock the strong inhibition of sexual maturation in eels. Age might thus be a key factor for successful maturation. Eels may nowadays compromise in this perspective and leave to the Sargasso at a younger age, since a long life-time increases the impact of anthropogenic factors that negatively interfere with reproduction capacity (PCBs: van Ginneken et al. [@CR143], reviewed by van Ginneken et al. [@CR142]; swim-bladder parasites: Palstra et al. [@CR84], reviewed by Székely et al. [@CR119]; eel viruses: reviewed by Haenen et al. [@CR45]).Table 5Experimental swim trials performed at Leiden University in (a) freshwater (FW) and (b) salt water (SW)Origin*n*Sex (m/f)Age (year)Migr. period (weeks)Migr. distance (km)EIGSRef(a) FW trialsLake Balaton (Hu)40f16\*1\<3000Stage 3Palstra et al. ([@CR83])River Loire (Fr)20f16 ± 41\<300\*Palstra et al. ([@CR85])Lake Balaton (Hu)6f16 ± 12350\*Stage 3Palstra et al. ([@CR83])Lake Balaton (Hu)9f16 ± 361,100\*Stage 3Palstra et al. ([@CR83])Farm6f562,200\*Stage 3Palstra et al. [@CR81]Farm15f3255,5000Stage 3van Ginneken et al. ([@CR140])(b) SW trialsLake Grevelingen (NL)20f11 ± 40.6\<3000Palstra et al. ([@CR85])Lake Grevelingen (NL)6f8 ± 241,2000Stage 3Palstra et al. [@CR82]Lake Grevelingen (NL)11f--41,0000Stage 3Palstra et al. (unpublished data)Greece6f--69000Stage 3Palstra et al. (unpublished data)Greece6f--121,4000Stage 3Palstra et al. ([@CR86])Greece6m--65000Stage 2Palstra et al. (unpublished data)Greece6m--129000Stage 2Palstra et al. ([@CR86])Columns represent the origin of experimental eels, the number (*n*), their sex male (m) or female (f), their age in years, the experimental simulated migration period in weeks, the migrational distance in km, occurrence of significant changes in eye index EI (+) or not (−), the dominant gonad stage (GS) after swimming and the literature reference. The asterisk marks an estimated age corresponding with findings for other Lake Balaton eels

It appears that the increase of the eye diameter occurs solely in freshwater, since no changes were detected in salt-water (SW) trials (Table [5](#Tab5){ref-type="table"}), neither in males nor females. Since the enlargement of the eyes is used for discriminating between the yellow and silver phase (Pankhurst [@CR90]), it can thus be stated that FW-swimming induces silvering. Changes in the length (Durif et al. [@CR32]) and shape (Tesch [@CR124]) of the pectoral fins are also considered as indicative for the degree of silvering. However, in none of the swimming trials were such changes detected (Palstra et al. [@CR83]).

The ovaries of European silver eels show oocytes after transformation of the oogonia in the first developmental stages (stage 1--2; Adachi et al. [@CR2]). Further progression requires incorporation of lipids (stage 3) and vitellogenin (stage 4). Already after 1 week of FW- swimming of Lake Balaton eels (Palstra et al. [@CR83]), the GSI increased and oocytes became larger with large numbers of lipid droplets (Fig. [4](#Fig4){ref-type="fig"}). After 6 weeks of swimming, changes were much more pronounced than after 2 weeks of swimming: both GSI and oocyte diameter were significantly higher. In contrast to resting eels, the swimming eels had oocytes in the lipid droplet stage 3. These results indicate that a high level of lipid mobilisation induced by FW- swimming is required not only for fuel but also for a natural incorporation of lipid droplets in the oocytes. Oocytes of eels that had swum contained more than 100 large droplets. Most developed oocytes had lipid droplets that covered \>50% of the cytoplasm and formed a complete ring around the circumference of the developing oocyte (Couillard et al. [@CR23]), which is typical for previtellogenic oocytes (Colombo et al. [@CR20]). We can thus conclude that swimming activates lipid metabolism. This may represent a crucial step in oocyte maturation, since the amount of lipid droplets influences the subsequent developmental events before and after fertilisation (Palstra et al. [@CR79]), and provides the necessary reserves for the offspring. In artificially matured eels, in total 57 ± 22 g kg body weight^−1^ lipid is incorporated into the oocytes corresponding to 28% of the lipid reserves of the average silver eel (Palstra et al. [@CR82]). However, we did not observe any yolk globuli in the oocytes of swimming eels. The oocytes also did not reach sizes that are characteristic for vitellogenesis (stage 4). Adachi et al. ([@CR2]) showed for *A. japonica* that 'ovarian' vitellogenesis (uptake of vitellogenins) begins when oocytes are about 250 μm in diameter. In our studies, we found maximum oocyte diameters of 236 μm, which are quite close to the onset of vitellogenesis.Fig. 4Induced changes by swimming in fresh water with **a** differences (averages ± standard error) in pituitary LH and 11-KT (*top* to *bottom*) in young farmed eels that were sampled at the start of the experiment (control), that rested during the experimental period (rest) or swam 5,500 km (swim). Pituitary LH is increased in swimmers and 11-KT tends to increase but individual variation is high. Based on data from van Ginneken et al. [@CR140]. **b** Increase in eye size, **c** oocyte growth and development in the same eels, and in particular **d** deposition of fat droplets (*top* to *bottom*) occur within 2 weeks of swimming in old Lake Balaton eels and were more pronounced after 6 weeks of swimming. Yolk deposition however remained absent. Based on data from Palstra et al. ([@CR83])

After swimming 5,500 km in freshwater, young farmed eels showed increased LH levels in the pituitary (Fig. [4](#Fig4){ref-type="fig"}; van Ginneken et al. [@CR140]). FW-swimming thus stimulates gonadotropin production by the pituitary but it is still unclear whether secretion is also stimulated. After swimming 5,500 km in freshwater, the young farmed eels also showed tendencies for increased levels of plasma 17β-estradiol (E2) and 11-ketotestosteron (11-KT; Fig. [4](#Fig4){ref-type="fig"}), while plasma vitellogenin (Vtg), pituitary-adrenocorticotropic hormone (ACTH), plasma-ACTH, pituitary- melanophore-stimulating hormone (MSH) α and plasma-αMSH were unaffected (van Ginneken et al. [@CR140]). 11-KT is considered as the major hormonal mediator of silvering in female eels (Lokman et al. [@CR63]), as evidenced by the numerous silvering effects, like enlargement of the eyes, that Rohr et al. ([@CR98]) observed after implanting 11-KT in female *A. australis*. Just recently, Lokman et al. ([@CR64]) and Endo et al. ([@CR36]) showed that 11-KT has an important role in growth of previtellogenic oocytes and lipid transfer and deposition which agrees with our histological observations. E2 did not show these effects in vitro (Lokman et al. [@CR64]) but in vivo it did (Olivereau and Olivereau [@CR75]) although effects were not only attributable to E2 but probably also to gonadotropins (Lokman et al. [@CR64]). A significant role for 11-KT is thus clear, but a role for E2 cannot be excluded. The young farmed eels in van Ginneken's study, however, did not show an increase in eye size but older swimming eels did after swimming in freshwater (Table [5](#Tab5){ref-type="table"}).

The next stage: female swimming in seawater suppresses vitellogenesis {#Sec11}
---------------------------------------------------------------------

Plasma Vtg levels in FW-swimming Lake Balaton eels were still below detection limits (Palstra and Dufour unpublished data). Wild migratory silver eels swimming in SW even showed decreased levels of plasma Vtg after swimming 1,000 km in salt water while testosterone (T) and E2 were unaffected (Palstra et al. unpublished data). Recently, we measured blood plasma E2 and estimated Vtg indirectly through plasma calcium (Ca) concentration (Palstra et al. unpublished data). Swimming, but also resting, increased E2 levels but only in first instance. Ca levels were found to be lower in SW-swimming eels. Results thus show that swimming does not stimulate vitellogenesis which corresponds with histological findings; the absence of yolk globuli in the oocytes of swimmers.

Recently, we have partially cloned 4 different genes from *A. anguilla* tissue extracts (Palstra et al. [@CR89]): the *oestrogen receptor 1* (*esr1*, formerly known as *E2 receptor α*), *vitellogenin 1* (*vtg1*), *vitellogenin 2* (*vtg2*) and *β*-*actin* (Genbank accession numbers EU073125 (*esr1*), EU073127 (*vtg1*), EU073128 (*vtg2*)). Additionally, we have cloned the gonadotropins; the common glycoprotein α subunit (*gpα*: Genbank accession number EU078899), *fshβ*, *lhβ*, and more recently their receptors *fshr* and *lhr* (resp. Genbank accession numbers EU191610 and EU348825). We have applied the developed molecular primers for housekeeping gene β-actin and targeted genes for *esr1*-, *vtg1*- and *vtg2*-expression on liver samples of female silver eels that swam for 1.5 or 3 months in salt water. In swimming eels, the expression of the *esr1* was lower than in resting eels for both timepoints (Palstra et al. [@CR155]). This reduction in expression probably resulted in the reduced expression of *vtg1* and *vtg2* in swimmers. From this, we can conclude that hepatic vitellogenesis is indeed reduced in swimming silver eels in salt water.

On the basis of evidence from different angles, it can be concluded that swimming inhibits the whole process of vitellogenesis, at least in the first instance. Firstly, *esr1*-, *vtg1*- and *vtg2*-expression were reduced in the livers of swimming females (Palstra et al. [@CR155]). Secondly, plasma Vtg was repeatedly determined as not detectable and plasma Ca as not elevated in swimming females (van Ginneken et al. [@CR140] and Palstra et al. [@CR155]). Thirdly, oocytes of swimming females from Lake Balaton (Palstra et al. [@CR83]), Lake Grevelingen (Palstra et al. unpublished data) and the river Loire (Palstra et al. unpublished data) did not contain any yolk globuli and were all smaller than 250 μm, the border for switching to stage 4 vitellogenic oocytes. In a recent experiment, we have injected eels that swam or rested for 3 months with carp pituitary extract up to full maturation. The swimming-induced suppression of vitellogenesis resulted in delayed ovulation of 2--3 weeks.

Male swimming in seawater stimulates spermatogenesis {#Sec12}
----------------------------------------------------

Female eels stay 7--30 years in the freshwater before migration, in contrast to just 4--9 years for males. As a consequence, females reach a tenfold larger size than males at the onset of migration (resp. 1,000 g vs. 100 g body-weight on average). As the energy requirements for males are far less than those for females, it is possible that the observed dopaminergic inhibition is sex-specific. We have tested this hypothesis by subjecting male and female eels to a GnRH-agonist (GnRHa), specifically the commercial product Gonazon For Fish (Intervet), as well as to stimulation by long-term swimming in seawater (SW) that is supposed to stimulate GnRH excretion by the hypothalamus (Palstra et al. [@CR86]). Males that were either stimulated by 3 months SW-swimming or by GnRHa-injection showed a two- to three-fold higher LHβ expression level than the male starters and resters (Fig. [5](#Fig5){ref-type="fig"}). Both treatments also caused a three- to five-fold increase in GSI (Fig. [5](#Fig5){ref-type="fig"}) and an induced spermatogenesis (\>80% presence of spermatogonia late type b; Fig. [5](#Fig5){ref-type="fig"}). One male swimmer even showed the formation of spermatocytes. In contrast, females were not stimulated by SW-swimming nor by GnRHa, and even showed regression of maturation over time as demonstrated by lower LHβ expression, GSI and oocyte diameters in all groups after 3 months (Fig. [5](#Fig5){ref-type="fig"}). The expression of FSHβ did not significantly change under the different treatments in both males and females. Thus, in contrast to the response of the females, we observed sexual maturation in males upon GnRHa-injection, indicating that dopaminergic inhibition is not effective in males. Males were also stimulated after 3 months SW-swimming, suggesting that swimming acts via a similar mechanism. Since LHβ-expression was not enhanced in females that either swam or received a GnRHa-injection, their pituitaries were considered as not sensitised and still under dopaminergic control. Females can therefore only be stimulated by circumventing dopaminergic control (Dufour et al. [@CR28]; Vidal et al. [@CR145]) through injection of pituitary homogenates (Fontaine et al. [@CR41]) that do increase LHβ subunit expression (Schmitz et al. [@CR112]; Jeng et al. [@CR52]). What remains to be tested are stimulation by hormone producing cell implants that take over the role of the pituitary (Palstra and van den Thillart [@CR77]) or by swimming/GnRHa injection in combination with a dopamine antagonist, for instance metaclopramide (like used in combination with mGnRHa in OVOPEL, Interfish), domperidone (like used in combination with sGnRH in OVAPRIM, Syndell), reserpine or pimozide (Mylonas and Zohar [@CR72]).Fig. 5Expression (Q-RT-PCR) of luteinising hormone subunit (LHβ) in the pituitary, the gonadosomatic index (GSI) and gonad development in male and female eels. Eels were sampled at the start, after 3 months rest, after 3 months of SW-swimming and 3 months after a single GnRHa injection (Gonazon For Fish, Intervet). **a** male LHβ expression (ng relative to total RNA), **b** female LHβ expression, **c** male GSI, **d** female GSI, **e** oocyte diameters, **f** male testis stage with frequency distribution of spermatogonia type a, spermatogonia early type b, spermatogonia late type b and spermatocytes; **g** testis containing mainly spermatogonia type a typical for unstimulated fish, and **h** testis containing mainly spermatogonia late type b typical for stimulated fish. The *scale bar* represents 100 μm. In females, regression occurred during the experimental period, an effect which was more pronounced in the resting group than those stimulated by SW-swimming and GnRHa. In males, however, SW-swimming and GnRHa activated maturation (student *t*-tests with \**P* \< 0.05; \*\**P* \< 0.01. LHβ and GSI: 3 m rest vs. start, 3 m swimming or 3 m GnRHa vs. 3 m rest. Gonad development: 3 m rest, 3 m swimming or 3 m GnRHa vs. start). Source: Palstra et al. ([@CR86])

So while gonadotropin expression and vitellogenesis in females during SW-swimming are suppressed, full spermiation can be expected in males after longer swimming trials. Our latest results show that male eels that swam for 3 months in salt water and that were subsequently treated with human chorionic gonadotropin started their spermiation earlier, and they produced more sperm of higher density.

Sexual maturation during riverine and oceanic migration {#Sec13}
-------------------------------------------------------

When results from the laboratory are extrapolated to the field situation, neglecting effects of other possible triggers, it can be assumed that migratory eels do not necessarily silver before their freshwater migration rather than, or especially, during it. Old swimming silver eels showed increase of eye size but it appears that this occurs only in freshwater trials. As far as we know, it is unknown if eels from salt or brackish water generally have larger eyes than eels from freshwater leading to only the latter showing this swimming-induced change in eye size.

During freshwater migration, lipid mobilisation occurs. Extensive lipid incorporation in the oocytes was apparent during freshwater swimming trials. In the field, Cottril et al. ([@CR22]) found that the concentration of total plasma non-esterified fatty acids (NEFA) appeared to follow the trend of E2 and GSI, increasing with sexual maturity in migrating *A. rostrata*.

Vitellogenesis seems to be inhibited during freshwater migration. Vtg and Ca levels are low in wild silver eels. Versonnen et al. ([@CR144]) measured Ca as indicator for Vtg levels at 20 locations and found very low levels. In a recent study (Palstra et al. unpublished data), we measured E2 and Ca in blood plasma in migrating silver eels in the River Rhine (Germany) during the migratory season in August, September and October 2005 and investigated the gonads histologically. E2 levels were higher in October but Ca levels stayed low over the months and oocytes were still smaller than 250 μm and without yolk globuli. Silver eels exhibit large variability in plasma Vtg levels as demonstrated by homologous radioimmuno- and immunoenzymatic assays (Burzawa-Gerard and Dumas-Vidal [@CR17]; Sbaihi et al. [@CR107]). Van Ginneken and Dufour (unpublished data) measured plasma Vtg in 104 large female silver eels from the brackish Lake Grevelingen (The Netherlands). Of these eels, 96% still showed low Vtg levels \<0.5 μg ml^−1^.

Salt water swimming trials revealed no changes in eye diameter (Table [5](#Tab5){ref-type="table"}). The question remains whether silver eels migrating in the ocean continue the increase in eye size. Probably, eyes will increase during progressed maturation, since the eye diameter of migratory silver eels from Lake Grevelingen, caught near the North Sea sluice, increases further when stimulated by hormonal injections (Palstra [@CR76]).

Also at least during the first part of oceanic migration, vitellogenesis seems to be suppressed in migrating silver eels: eels did not show an increase in GSI and still showed reduced *esr1*-, *vtg1*- and *vtg2*-expression after swimming for 3 months in salt water. This may be because (1) raising the severely depressed lipid mobilisation and stimulating the extensive lipid incorporation requires long-term swimming exercise and (2) undesired effects of vitellogenesis during swimming are prevented. Vitellogenesis induces muscle atrophy (Salem et al. [@CR101], [@CR102]) and is associated with mobilisation of phospho-calcium reserves coming from resorption of vertebrae (Sbaihi [@CR106]; Sbaihi et al. [@CR108]), which are obviously undesired processes during swimming. Growth of oocytes is most pronounced during vitellogenesis and subsequent maturation. The oocyte diameter will increase twofold up to 400 μm during vitellogenesis and again twofold up to 800 μm due to hydration during final maturation (Palstra et al. [@CR79]). These increases result in similar increases of gonad mass and with that the body diameter. This then increases drag during swimming and with that increases the cost of transport (reviewed by van Ginneken and Maes [@CR137]). Also this situation is considered as undesirable during migration.

When we extrapolate lab results to the field, it can be hypothesised that vitellogenesis and maturation occur near or at the spawning grounds. Spawning ground-specific triggers may be involved during vitellogenesis and final maturation. Spawning ground-specific triggering of the final stages of maturation has also been considered for other homing fishes (Palstra et al. [@CR78]). These triggers may involve area-specific odour, intersex pheromonal communication (Liley and Stacey [@CR62]; Lam [@CR57]; van Ginneken et al. [@CR138]; Huertas et al. [@CR48]) or triggering by an increase in water temperature by rising in the water column. A rise in water temperature is known to increase the responsiveness of the liver to oestrogen in the production of vitellogenins (Yaran et al. [@CR152]). The first studies on combinations of stimulators started recently investigating swimming exercise with high pressure treatment in hyperbaric chambers (Sébert et al. [@CR115]), swimming at daily alternating temperature profiles (Tsukamoto K, presented at the Aquaculture Europe 2008 symposium organised by the European Aquaculture Society in Krakow, Poland) and hormonal stimulation at different temperature profiles (Pérez et al. [@CR94]).

Linking metabolism with maturation {#Sec14}
----------------------------------

Several candidates may play a decisive role in linking the metabolic status with the onset of sexual maturation, as induced by exercise at the start of migration. Swimming may up-regulate Kisspeptin-levels, a peptide involved in processes leading to puberty (van Aerle et al. [@CR132]; Filby et al. [@CR39]). Kisspeptin is expressed by the appropriate exercise tissues (adipose tissue, intestine; van Aerle et al. [@CR132]), although expression in fish muscle does not seem to occur in zebrafish (Biran et al. [@CR10]). Kisspeptin signals the hypothalamus to release GnRH or may even work directly on the pituitary, since the isoform receptor *kiss1rb* in zebrafish was shown to be strongly expressed in the pituitary (Biran et al. [@CR10]). These direct effects of kisspeptin on the pituitary are a subject of great controversy (a.o. discussed at the 2nd Int. Symp. For Fish Growth and Reproduction, June 20--21 2009, Hong Kong S.A.R., China) but in rainbow trout we have found expression of the *kiss1*-*receptor* in the pituitary (Palstra et al. [@CR88]). Swimming may indirectly through Kisspeptin, or directly up-regulate GnRH-levels (in silver eels the mammalian-type GnRH---mGnRH) or down-regulate dopamine levels that subsequently lead to positive effects on gonadotropin production in the pituitary (e.g., Montero et al. [@CR71]). However, studies in eel species, as well as fish species in general, regarding exercise effects on hypothalamic--pituitary interaction are still lacking. Kiss1peptin-, mGnRH- and dopamine-action may be exerted through swimming-induced alterations in cortisol that binds to glucocorticoid receptor---expressing neurons (Teitsma et al. [@CR121]). Silver eels have higher cortisol levels (van Ginneken et al. [@CR141]) and higher cortisol levels have been measured in swimming eels of Lake Grevelingen and Lake Balaton although individual variance is very high (Palstra et al. [@CR87]). Cortisol is known to be involved in mobilisation of lipids. Cortisol peaks lead to lipolysis of muscle and hepatic lipids (Freeman and Idler [@CR42]; Davis et al. [@CR25]; Barton et al. [@CR7]; Mommsen et al. [@CR70]) releasing fatty acids into the blood. Cortisol has a less defined role in maturation of fish. DiBattista et al. ([@CR27]) showed that cortisol treatment in rainbow trout significantly decreased dopaminergic activity in the telencephalon. Epstein et al. ([@CR37]) and Fontaine ([@CR40]) showed that successive high concentrations of plasma cortisol, lasting for at least 7 days, triggers silvering in eel. Cortisol is also known as a stimulator of LH synthesis in vitro and in vivo (Huang et al. [@CR47]; Dufour et al. [@CR30]) and as an inhibitor of vitellogenin synthesis (Sbaihi [@CR105]). Cortisol was shown to inhibit E2-induced vitellogenin synthesis in the rainbow trout, an effect mediated by a decrease in ERα mRNA levels (Lethimonier-Desdoits et al. [@CR60]). These observations perfectly match our observations on swimming eels.

Some other candidates that have a metabolic function and may exhibit positive effects on gonadotrope function are insulin (Dufour et al. [@CR29]), leptin (Dufour et al. [@CR30]) and steroidogenic acute regulatory protein (StAR; Li et al. [@CR61]) in eels. Blood-plasma levels of fatty acids and their metabolites produced from cyclooxygenase and lipoxygenase pathways rise before and during migration of eel (Cottril et al. [@CR22]; van Ginneken et al. [@CR140], [@CR141]) and salmon (Sasaki et al. [@CR103]) and can modulate gonadal steroid production in a manner similar to that observed in mammals (Sorbera et al. [@CR117]). Other interesting candidates are ghrelin and insulin-like growth factors (IGFs). Like leptin, ghrelin may be an important neuroendocrine integrator of somatic growth, energy balance and reproduction in mammals (Tena-Sempere [@CR122]) and in fish (Amole et al. [@CR3]). Its role in eel reproduction is still unknown. Insulin-like growth factor I in teleosts, like in mammals, is mainly produced by the liver under the stimulatory control of GH and together they play an important role in regulating body growth (Duguay et al. [@CR31]). Studies in mammals show that IGF-I could be a good candidate for a link between somatic development and pubertal activation of reproduction (Cohick and Clemmons [@CR19]). In the European eel, IGFs exert a direct effect at the pituitary level by stimulating LH synthesis (Huang et al. [@CR46]). IGFs may also have other direct targets, such as a stimulatory effect on all stages of 11-ketotestosterone-induced spermatogenesis (Nader et al. [@CR73]).

Discussion and conclusions {#Sec15}
==========================

Simulated migration {#Sec16}
-------------------

Our respiratory measurements as well as the carcass analyses suggest that eels have a much higher swimming efficiency than trout. In eel, the COT values obtained from oxygen consumption data and carcass analyses are 0.42 and 0.61 kJ kg^−1^ km^−1^ (Table [4](#Tab4){ref-type="table"}), respectively, whereas trout has a much higher COT value of around 2.7 kJ kg^−1^ km^−1^. The COT in trout matches the value measured by Webb ([@CR147]), and is similar to other salmonids (Brett and Glass [@CR16]) and many adult fish species (Videler [@CR146]). This means that eel swim 4--6 times more efficiently than other fish species, even across swimming styles. European eel is able to swim 5,500 km, a distance corresponding to their supposed spawning area in the Sargasso Sea at a remarkably low energy costs. The amount of energy for swimming 5,500 km corresponds to 60--80 g fat. Remarkably, as eels consume proteins and fat in the same ratio as present as in their body the energy losses have no effect on buoyancy. So, we can conclude that healthy well-fed eels are able to reach the Sargasso leaving enough reserves for reproduction.

Speed tests with 4 groups of eels showed that the swimming performance between the groups were rather similar. There were no differences between 2- and 12-h speed tests, suggesting that eels swim at the same low efficiency from the start. COT values changed little with speed; the lowest COT (COT~min~) over 0.5--1.0 m s^−1^ was found at \~0.65 m s^−1^, a swimming speed \~60% higher than the minimal cruising speed. At that speed (0.8 BL s^−1^) female silver eels can reach the spawning site within 3.5 months, leaving ample time for final maturation and finding mates.

As discussed, several oceanic conditions might influence the swimming speed and COT either positively or negatively. Eels could benefit from currents to increase the ground speed or decrease the COT, for instance by entering the south- and west-flowing currents from North west Africa to the Caribbean (Aarestrup et al. [@CR1]). Diel vertical migration increases the travel distance about 7% (based on data of Aarestrup et al. [@CR1]) but decreases COT in negative relation to pressure (Sébert et al. [@CR115]). Since the latter gain in energetic efficiency was highest at the supposed U~opt~, no consequences for swimming speed are expected. However, potential effects of tags on swimming efficiency, speed and behaviour need to be investigated to validate the diel vertical migration as found by pop-up tag methodology. Our studies indicate that the daily variations in temperature that result from vertical migration (from 7 to 12°C: Aarestrup et al. [@CR1]) do not affect swimming efficiency (Fig. [3](#Fig3){ref-type="fig"}b). With respect to sexual maturation, diel vertical migration can be expected to have effects through the alternation in pressure (Sébert et al. [@CR113]), temperature (Tsukamoto K, presented at the Aquaculture Europe 2008 symposium organised by the European Aquaculture Society in Krakow, Poland; Pérez et al. [@CR94]) and avoidance of light (Sébert et al. [@CR114]).

Swimming effects on sexual maturation {#Sec17}
-------------------------------------

During their continental phase, yellow eels have depressed lipid mobilisation and pre-pubertal blockage of maturation. Since the start of spawning migration marks the onset of lipid mobilisation and maturation, swimming may be a crucial trigger of these processes. Swimming trials of older female eels in freshwater show that eyes were enlarged in all swimmers and that swimming thus induced silvering. FW-swimming stimulates early oocyte development and deposition of lipids in the oocytes of female eels, probably regulated by increased 11-ketotestosteron (11-KT) levels. Increased LH levels in the pituitary show that FW-swimming stimulates gonadotropin production. Swimming also increases plasma 17β-estradiol (E2) but hepatic vitellogenesis is however not initiated: plasma vitellogenin (Vtg) levels remain low and yolk globuli do not appear in the oocytes. Swimming trials of female silver eels in salt water show that swimming inhibits gonadotropin expression and vitellogenesis; expression of LHβ in the pituitary and of the *esr1*, *vtg1* and *vtg2* in the liver were lower in female swimmers and plasma Vtg levels were reduced. Female eels are probably still under dopaminergic control in contrast to male silver eels that continue maturing by SW-swimming. Both the induction of lipid deposition in the oocytes and the inhibition of vitellogenesis by swimming in females may allow a natural sequence of events leading to a higher gamete quality in contrast to stimulation with pituitary extract injections. The effect of long-term swimming on gamete quality is subject of our current research. When these results are extrapolated and linked to observations in the field, it appears that freshwater migration triggers silvering and lipid mobilisation. Vitellogenesis is inhibited by swimming to allow the migration and probably occurs only near or at the spawning grounds. The sex-specific differences in stimulation during SW-swimming lead to a tempting ecological hypothesis. The large females may migrate in 3.5 months having 2.5 months left to mature at the spawning grounds. The twofold smaller males however, cannot swim that fast and need a twofold longer migration time of 7 months. They leave earlier (1 month) and they fully mature during the trip being about ready to spawn at arrival.

In general, fine-tuning between migration and maturation of fishes is a non-elucidated research topic that deserves much more attention. It is peculiar that the influence of swimming exercise on maturation has never been thoroughly investigated, especially since fatty migrant fish like tuna and eel are of major commercial interest but very difficult or even impossible to reproduce in captivity.

The eel is a very appropriate model to study metabolic and hormonal switches that trigger the sexual maturation. However, not many of the required molecular tools exist for this species that are available for salmonid species that could also serve as a model. Because of this, our attention has currently expanded to rainbow trout which allows us to identify new players by using a salmonid cDNA microarray platform (GEO GPL6154). The near future of high throughput sequencing will allow us to sequence fish genomes in a fast and affordable way, and analyse transcriptomic changes on the largest possible scale.

The fate of the fat: lipid costs of female reproduction {#Sec18}
-------------------------------------------------------

As described, wild European silver eels spend 78 ± 4 g fat kg^−1^, or 39% of the fat stores with average fat percentages of 20%, on fuelling the complete spawning migration to the Sargasso (Table [4](#Tab4){ref-type="table"}). Artificially matured eels from the same batch by hormonal injections incorporated 57 ± 22 g fat kg^−1^, or 28% of the fat stores, in the oocytes. The amount of fats that is deposited is positively related to the age of the eel (Palstra et al. [@CR80]). Thus, in total 67% of the fat stores are spent on the spawning migration and oocyte maturation, and because body composition stays the same this would correspond to 67% of the total energy stores. When a boundary between iteroparous and semelparous is considered of 60--70% total energy depletion range (Wootton [@CR151]), the European eel exhibits a probable semelparous life style. For comparison: iteroparous trouts spend 40--50% energy on spawning with 3--4% of gonadal energy (Jonsson [@CR54]) and semelparous Pacific salmons spend 75--82% energy on spawning with 10% of gonadal energy.

Perspectives for aquacultural applications {#Sec19}
------------------------------------------

Although current protocols for artificial reproduction of eels by hormonal injections are successful to a certain extent (Kagawa et al. [@CR55]; Palstra and van den Thillart [@CR77]), the induced process of maturation can be considered abnormal in many aspects. Abnormality of maturation is evidenced by limited reproductive success (Pedersen [@CR92], [@CR93]; Palstra et al. [@CR79]), and observed phenomena like variations in yolk accumulation, egg membrane formation, differences in the process of oocyte maturation and plasma hormone levels (Adachi et al. [@CR2]; Kagawa et al. [@CR55]). Oocytes of non-exercised silver eels are probably still too premature for hormonal stimulation by pituitary extract of spawnable salmons or carps containing mainly LH, but also FSH, TSH, GH and prolactin. A probable cause of abnormality; incomplete lipid incorporation may be prevented by swimming. During artificial induction by hormonal injections, hepatic vitellogenesis is immediately induced (Palstra et al. [@CR89]). Lipid and Vtg incorporation occur simultaneously in artificially matured Japanese eel (Adachi et al. [@CR2]) and European eel (Palstra et al. [@CR89]), which suggests an unnatural situation. By stimulating incorporation of lipids in the oocytes and inhibiting vitellogenesis, swimming may optimise the natural sequence of these processes. Recently, Patterson et al. ([@CR91]) reported on probable beneficial effects in salmon. They found that non-exercised females had delayed maturity, lower egg deposition rates, and were more likely to die prior to egg ovulation than exercised females and natal spawners. Pre-treatment by swimming in current protocols for artificial reproduction will likely result in higher gamete quality and general reproductive success. These are topics of our current investigations.
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